INTRODUCTION
Growth associated protein-43 (GAP-43) is a nervous tissue specific protein which is highly expressed in neurons during development and nerve regeneration (Snipes et al, 1987; McGuire et al, 1988) . GAP-43 is localized in growth cones (Skene et al, 1986) and plays an important role in guiding the axonal growth and modulating the formation of new neuronal connections (Benowitz & Routtenberg, 1997) . Accordingly, GAP-43 has been used as a marker for axonal growth and presynaptic axonal plasticity. In hippocampus, GAP-43 is increased by epileptic insult such as kainate (Cantallops & Routtenberg, 1996; Bendotti et al, 1997) or pilocarpine (Naffah-Mazzacoratti et al, 1999) as well as by hypoxia-ischemia (Miyake et al, 2002) . In addition to the regulation by external insult, GAP-43 is regulated by various endogenous compounds such as hormones, neurotransmitters and drugs. For example, norepinephrine, estradiol and mood stabilizer valproic acid promote an increase of GAP-43 mRNA expression in the hippocampus (Ferrini et al, 2002; Watterson et al, 2002; Laifenfeld et al, 2005) .
Recent preclinical and clinical studies suggest that stress-induced impairment in neuroplasticity of the brain, in particular hippocampus, occurs in depression (Duman, 2002; Pittenger & Duman, 2008) , and that chronic antidepressant treatments can reverse these impairments (Manji et al, 2000) . Therefore, chronic stress seems to decrease GAP-43 mRNA expression in the hippocampus (Kuroda & McEwen, 1998) , however, with some inconsistency (Rosenbrock et al, 2005) . Moreover, chronic imipramine and desipramine treatment increase GAP-43 mRNA expression in the hippocampus (Chen et al, 2003; Sairanen et al, 2007) , whereas chronic fluoxetine or fluvoxamine treatment tend to decrease GAP-43 mRNA expression (Iwata et al, 2006; Larsen et al, 2008) . However, the changes of GAP-43 in the hippocampus by chronic antidepressant treatment in normal laboratory animals may not necessarily reflect the mechanism of antidepressant effect in the depressed animals, since antidepressant treatment in human without depression induces typical side effects rather than antidepressant effect (Nestler et al, 2002) . In this regard, it is interesting to note that chronic restraint stress decreases GAP-43 mRNA expression in CA3 region of the hippocampus, however, tianeptine pretreatment does not prevent chronic restraint stress-induced decrease in (Kuroda & McEwen, 1998) . Nevertheless, growing evidence suggests that chronic mild stress (CMS), rather than chronic restraint stress, is more suitable for animal depression model to study the antidepressant effect, because a similar state of anhedonia, which is one of the two core symptoms of depression, can be induced in rats by CMS procedures (Moreau et al, 1992; Stout et al, 2000) . Moreover, tianeptine promotes serotonin reuptake (Mennini et al, 1987) , unlike typical antidepressants that block serotonin reuptake in presynaptic terminal. Thus, it is not clear at present whether repeated treatment with selective serotonin reuptake inhibitor prior to CMS may affect CMS-induced alteration of GAP-43 mRNA expression in the hippocampus. Moreover, although there are only a few studies that examined the effects of chronic stress on the GAP-43 mRNA expression in the hippocampus, there are several studies that observed the effects of acute stress on GAP-43 mRNA levels in the hippocampus. Therefore, we observed the effects of acute stress and CMS on the GAP-43 mRNA levels in the hippocampus, and then, the effects of chronic citalopram pretreatment on the CMS-induced changes in GAP-43 mRNA levels in the hippocampus. In the present study, we used citalopram as a selective serotonin reuptake inhibitor, since it has negligible effects on norepinephrine and dopamine reuptake (Goodnick & Goldstein, 1998; Stahl, 1998) . Furtheremore, the effects of CMS and repeated citalopram treatment on GAP-43 mRNA levels in the hippocampus were also examined.
METHODS

Animals and drug/ stress treatment
Sprague Dawley adult male rats (initial weight, 150∼180 g; Orient, Korea) were used. Rats were brought into the laboratory one week before the experiment. Three rats were housed per cage under a 12 h light-dark cycle (light on at 6 A.M). Food and water were available ad libitum except for water and food deprivation periods of CMS schedule. At first, to observe the effects of acute stress and CMS on the GAP-43 mRNA levels in the hippocampus, rats were exposed to either acute stress or CMS. For acute immobilization stress, rats were placed in plastic restraint cone bags (Harvard Apparatus, South Natick, MA, USA) for 2 h (n=4). Unstressed animals were used as a control (n=4). As for CMS, the stress regimen consisted of each week of a variety of unpredictable, mild stressors such as repeated 1-h periods of confinement to small (24×10×9 cm) cages as previously described (Moreau et al, 1992; Stout et al, 2000) with some modification (Table 1) . CMS procedure was applied for 19 days (n=7). Control animals were briefly handled each day, similarly to the experimental group, but without restraint, and were kept under standard housing condition (n=7). To observed the effects of citalopram treatment on CMS-exposed animals, animals were i.p. injected with citalopram (10 mg/kg) every morning before the stress procedure, and control animals received an equivalent volume of saline (2 ml/kg, i.p.): This dose of citalopram (10 mg/kg, i.p.) has previously been shown to have antidepressant effects in CMS model (Papp et al, 2002) . Thus, animals were divided into 4 groups; saline treated unstressed group (SAL＋CON, n=9), citalopram treated unstressed group (CIT＋CON, n=9), saline treated CMS-exposed group (SAL＋CMS, n=9) and citalopram treated CMS-exposed group (CIT＋CMS, n=9). All procedures used in this study were consistent with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources, 1996).
Perfusion and brain section
Rats exposed to acute immobilization stress were deeply anesthesized with sodium pentobarbital (100 mg/kg, i.p.) 2 h after an immobilization stress. CMS-exposed rats were deeply anestheized with sodium pentobarbital 6∼8 h after the last CMS procedure, and control animals were perfused midway through the sacrificing of the CMS-exposed rats to reduce the time of difference due to sacrifice. Rats were perfused intracardially with 0.9% saline, followed by 4% paraformaldehyde in 0.1 M sodium phosphate buffer (PPB, pH 7.2). The brains were fixed in situ for 1 h, removed, post-fixed in PPB for 2 h, and finally placed in 20% sucrose/PPB overnight at 4 o C. Serial coronal sections (30μm) of whole brain were prepared using a freezing microtome and were stored in cryoprotectant solution [30% RNase free sucrose, 30% ethylene glycol, and 1% polyvinyl pyrrolidone (PVP-40) in 100 mM sodium phosphate buffer, pH 7.4] at −20°C.
Probe construction
PCR fragments encompassing nucleotides 124-950 of rat GAP-43 (Genebank accession number NM_017195) were subcloned into pBluescript II. The PCR primer sequence was as follows; sense 5´-CCCAAGCTTAGCAAGCGAGCAGAAAAGAG-3´ and antisense 5´-CGCGGATCCGCAGGAGAGACAGGGTTCAG-3´. For in situ hybridization, the GAP-43 plasmid was linearized with Hind III and transcribed with T3 RNA polymerase to obtain antisense riboprobes. Linearized DNA was labeled with 35 S-UTP (Amersham, Cardiff, UK) by in vitro transcription. A 1μl aliquot of labeled mRNA was suspended in 4 ml of scintillation fluid, and activity in cpm was determined by a scintillation counter. The effects of acute stress on GAP-43 mRNA levels in CA1, CA3, CA4 and dentate granular cell layer (GCL) of the hippocampus (n=4 per group) (B) The effects of chronic mild stress (CMS) on GAP-43 mRNA levels in the CA1, CA3, CA4 and GCL of the hippocampus (n=7 per group). The results are expressed as percent of mean value from control group and are mean standard error of mean (S.E.M.). Data were compared by Student's t-test. *p＜0.05, **p＜0.01 and ***p＜0.001 vs. control group.
In situ hybridization
Brain sections were permeabilized with proteinase K (1μg/ ml, 37 o C, 30 min), treated with acetic anhydride in 0.1 M triethanolamine (pH 8.0), washed in 2 × SSC (pH 7.0), and were then transferred into 500μl of hybridization solution in 24-well culture plates. The hybridization solution comprised 50% formamide, 0.01% polyvinyl pyrrolidone, 0.01% Ficoll, 0.01% bovine serum albumin, 50 μg/ml denatured salmon sperm DNA, 250μg/ml yeast tRNA, 40 mM dithiothreitol (DTT), 10% dextran sulfate, and 35 S-labeled GAP-43 cRNA probes at 1×10 7 cpm/ml. Sections were hybridized with the GAP-43 riboprobe for 18 h at 55 °C in the hybridization solution. After overnight incubation in a humidified chamber, sections were washed twice for 30 min at 55 o C in 4×SSC with 5 mM DTT, treated with RNase A (20μg/ml, 30 min at 45 o C), and washed four times (15 min/wash) in 2×SSC containing 5 mM DTT at room temperature. The sections were then washed twice (30 min/wash) in 0.5×SSC containing 5 mM DTT, once for 30 min in 0.1×SSC containing 5 mM DTT at 50∼55 o C, and once in 0.1×SSC with 5 mM DTT at room temperature. Sections were then mounted on gelatin-coated microscope slides and air-dried overnight. Tissue sections were exposed to Hyperfilm β-max (Amersham, Arlington Heights, IL, USA) for 3 days. In situ hybridization of brain section which was conducted on free-floating sections in the present study (Gold et al, 1997) yielded the result equivalent to that conducted on slide-mounted sections (Ni et al, 1999) .
Data analysis and statistics
The sections for analysis were selected through hippocampus (−3.60 to −3.80 mm from bregma) according to Paxinos and Watson (1998) . The level of GAP-43 mRNA was analyzed by outlining the regions of interest on in situ hybridization sections and then densitometrically quantifying the regions using Scion Image beta 4.2 software (Scion Corporation, Frederick, MD, USA). The relative values of optical density measured with known [ 14 C]-labeled radioactive standards (Amersham, Arlington Heights, IL, USA) were used to construct a third degree polynomial calibration curve. For each animal, the relative radioactivity values from three to five individual sections were analyzed, yielding three to five determinations, and they were then used to calculate mean values. The results are expressed as the mean percentage of the respective control values, and data are expressed as mean ± standard error of mean (S.E.M.). Statistical analysis was performed by Student's t-test or one-way analysis of variance (ANOVA) followed by the Fisher's LSD post-hoc test. Significance was accepted for p-values less than 0.05.
RESULTS
Acute stress significantly increased GAP-43 mRNA levels of the CA1 compared with the levels of CA1 in control rats (Student's t-test, p＜0.001). Similar trend of increases was found in CA3, CA4 and dentate granule cell layer (GCL) of the hippocampus, but the magnitude of increases was lower than that of CA1 (Fig. 1, 2 ). CMS induced a small but significant decrease of GAP-43 mRNA levels in the GCL, compared to control rats ( Fig. 1 ; Student's t-test, p ＜0.05).
A two-way ANOVA revealed a significant main effect of repeated citalopram treatment (F1,32=4.39, p＜0.05) on GAP-43 mRNA levels in the GCL. Although there was no significant interaction between repeated citalopram treatment and CMS (F1,32=1.55, p=0.223), a two-way ANOVA test for CMS was close to statistical significance F1,32=3.89, p=0.057), indicating that CMS tended to decrease GAP-43 mRNA levels in the GCL compared to unstressed controls. A one-way ANOVA showed that there was a significant difference among these groups ( Fig. 3, 4 ; F3,32=3.27, p＜0.05). Post hoc analysis using Fisher's LSD test demonstrated that both repeated citalopram treatment and CMS significantly decreased GAP-43 mRNA levels in the GCL, compared to saline-treated unstressed controls (p＜0.05). However, repeated citalopram treatment prior to CMS did not further enhance CMS-induced decrease of GAP-43 mRNA level in the GCL.
A two-way ANOVA revealed significant main effects of repeated citalopram treatment (F1,32=10.16, p＜0.01) as well as interaction between repeated citalopram treatment and CMS (F1,32=5.97, p＜0.05) on GAP-43 mRNA levels in the CA3. A one-way ANOVA showed that there was a significant difference among these groups (F3,32=5.54, p＜0.01). Post hoc analysis using Fisher's LSD test demonstrated that GAP-43 mRNA levels of CA3 in rats, which were given repeated citalopram treatment prior to CMS, were significantly lower than those in other groups. A similar pattern of decreases was found in CA1 and CA4 of the hippocampus in rats which were given repeated citalopram treatment before CMS (Table 2) .
DISCUSSION
In the present study, acute stress significantly increased GAP-43 mRNA levels in all subfields of the hippocampus (CA1, CA3, CA4 and GCL). Similar increase of GAP-43 mRNA expression in CA1, CA3 and GCL of the hippocampus was observed following learned helplessness paradigm (Iwata et al, 2006) . Learned helplessness paradigm is one of animal models of depression. However, learned Abbreviations used are the same as those in Fig. 3 .
helplessness is composed of electric shock for 2 days, and therefore, is rather close to an acute stress paradigm. Thus, learned helplessness seems likely to increase GAP-43 mRNA expression in hippocampus, similar to acute stress. Although the region of interest is different, acute restraint stress in mice has been shown to increase GAP-43 mRNA expression similary in the amygdala (Pawlak et al, 2003) . However, compared to acute stress, CMS in the present study induced a small but significant decrease of GAP-43 mRNA levels in the GCL. Interestingly, chronic restraint stress for 3 weeks induces a decrease in GAP-43 mRNA expression in the CA3 region of the hippocampus (Kuroda & McEwen, 1998) . Moreover, chronic intermittent stress in mice for 3 weeks significantly decreases GAP-43 levles in the hippocampus (Pawlak et al, 2005) , while a chronic intermittent stress in rats does not induce any change in GAP-43 mRNA expression in the hippocampus (Rosenbrock et al, 2005) . The reason of such discrepancy is not clear at present, nevertheless differences in stress intensity may be responsible for this discrepancy: The stress intensity of CMS model may be greater than that of chronic restraint or chronic intermittent stress, since animals in chronic restraint or chronic intermittent stress are repeatedly exposed to the same procedures of stress (i.e. homotype stress). This type of stress model tends to develop habituation in contrast to CMS in which rats are exposed to daily stresses of different nature (i.e., heterotype stress) (Herman & Cullinan, 1997) . In the present study, when the effects of repeated citalopram treatment on GAP-43 mRNA levels in either CMS-exposed group or unstressed controls were compared, repeated citalopram treatment significantly decreased GAP-43 mRNA levels in all subfields of the hippocampus in CMS-exposed group. However, there was a difference in changes of GAP-43 mRNA expression following repeated citalopram treatment in CMS-exposed group, depending on the subfields of hippocampus: repeated citalopram treatment and CMS significantly decreased GAP-43 mRNA levels in the GCL, however, there were no significant changes in CA1, CA3 and CA4 areas of the hippocampus. It is not clear at present how GAP-43 mRNA expression in the hippocampus changes in response to CMS or repeated citalopram treatment. One possibility is that increased serotonergic transmission in the hippocampus decreases GAP-43 mRNA expression. In the present study, although the magnitude of decrease in unstressed control group by repeated citalopram treatment was small, a two-way ANOVA test revealed a significant main effect of repeated citalopram treatment on the decrease of GAP-43 mRNA levels in all subfields of the hippocampus. A similar trend of decrease in GAP-43 mRNA expression in CA1 and CA3 has also been observed after chronic treatment with fluvoxamine and fluoxetine (Iwata et al, 2006; Larsen et al, 2008) . Considering the facts that chronic treatment with citalopram (10 mg/kg) significantly increases serotonin release in the hippocampus (Invernizzi et al, 1995) and that repeated treatments with citalopram, fluoxetine and fluvoxamine are required to observe a decrease of GAP-43 mRNA expression, increased serotonergic neurotransmission in the hippocampus for a certain period of time would result in a decrease of GAP-43 mRNA levels in the hippocampus. On the contrary, however, decreased serotonergic transmission in the hippocampus may lead to an increase of GAP-43 mRNA expression. For example, adrenalectomy, which is known to decrease serotonin turnover in the hippocampus, increased GAP-43 mRNA expression in the hippocampus (De Kloet et al, 1982; Korte-Bouws et al, 1996) . In addition, repeated daily exposure to the stressor increased basal extracellular serotonin release in the hippocampus, suggesting that repeated stress elicits a sustained increase of serotonin release and turnover in the hippocampus (Torres et al, 2002; Storey et al, 2006) . In accordance with this result, there was a trend toward an increase of serotonin release in the hippocampus of CMS-exposed rats (Bekris et al, 2005) with some inconsistency (Kang et al, 2005) . Although there are some controversies, with regard to acute stress, accumulating evidence has demonstrated that acute stress does not change or decrease serotonin release in the hippocampus (Kirby et al, 1995; Kirby et al, 1997; Mokler et al, 2007) , further reinforcing the view that decreased serotonergic transmission in the hippocampus may lead to increased GAP-43 mRNA expression.
Alternatively, GAP-43 mRNA expression is also regulated by glutamate and its receptors. For example, MK801 treatment, NMDA receptor antagonist, significantly decreased GAP-43 mRNA expression in hippocampal neurons in vitro (Hirai et al, 2005) , strengthening the notion that GAP-43 mRNA expression is influenced by neuronal activity. Interestingly, chronic unpredictable stress for 3 weeks significantly reduced NR2B subunit of NMDA receptor in the GCL without altering other subunits of NMDA and AMPA receptors (Qin et al, 2004) . Similar decreases in NR1, NR2A and NR2B subunits of NMDA receptor in the hippocampus were observed also in chronic restraint stress-exposed mice (Pawlak et al, 2005) . Since changes in GAP-43 mRNA expression closely follow those of NMDA receptors (Pawlak et al, 2005) , it is quite possible that decrease of GAP-43 mRNA expression in GCL is likely to be a consequence of the decrease of NMDA receptors. Conversely, acute immobilization stress increased NR1 subunit of NMDA receptor in CA1 and CA3 areas of the hippocampus, however, it is not clear whether acute stress changes glutamate receptors in the GCL, because Bartanusz et al (1995) did not examine the changes in glutamate receptors in the GCL. Similar to chronic stress, chronic treatment of mice with citalopram significantly reduced NR2 subunits in the hippocampus (Boyer et al, 1998) . Consistent with the above result, chronic imipramine treatment of rats induced a significant reduction in the density of NMDA receptor binding sites without altering NMDA receptor binding affinity in the hippocampus (Harvey et al, 2002) . These results implicate complex interaction between serotonergic transmission and NMDA receptor in the regulation of GAP-43 mRNA expression in the hippocampus.
As accumulating evidence indicates that GAP-43 plays a key role in guiding axonal growth and modulating the formation of new neuronal connections (Benowitz & Routtenberg, 1997) , decreased GAP-43 mRNA expression in the GCL may be accompanied by reduced mossy fiber axonal growth. Indeed, chronic unpredictable stress induces an atrophy of mossy fiber terminal, as evidenced by the marked reduction in the total number of mossy fiber terminal-CA3 synapses and a reduction in the volume and surface area of the mossy fiber terminal (Sousa et al, 2000) . The changes of mossy fiber terminal following chronic unpredictable stress are prominent at stratum lucidum, where the synaptic contacts between mossy fiber terminals and CA3 pyramidal cells are observed (Stewart et al, 2005) . By contrast, repeated fluoxetine treatment of rats did not alter mossy fiber sprouting, which was evaluated by Timm staining (Lamont et al, 2001) . As there are only a few earlier studies on the effect of repeated citalopram treatment on the ultrastructual changes in mossy fiber terminal in the hippocampus, it is possible that repeated citalopram treatment may have some subtle effects on mossy fiber terminal, therefore, ultrastructual analysis has as yet failed to detect. Further studies are needed to elucidate the ultrastructual changes in the hippocampus following the chronic treatment with antidepressants.
Taken together, the present study demonstrates that acute stress significantly increased GAP-43 mRNA levels in all subfields of the hippocampus. However, CMS significantly decreased GAP-43 mRNA levels in the GCL, suggesting that GAP-43 mRNA expression responds differently to acute and chronic stress. Interestingly, repeated citalopram treatment decreased GAP-43 mRNA levels in the GCL in unstressed controls, but this decrease was not further potentiated by CMS exposure. Similar decreases of GAP-43 mRNA expression were observed also in CA1, CA3 and CA4 areas of the hippocampus only after repeated treatment of CMS-exposed rats with citalopram. Together with previous morphologic studies, this result suggests parallel changes of GAP-43 mRNA expression and axonal remodeling following stress, and that repeated citalopram treatment did not change CMS-induced GAP-43 mRNA expression in the hippocampus.
